Elimination and transduction of drug resistance was examined in methicillinresistant strains of Staphylococcus aureus. Irreversible spontaneous loss and "curing" by aging of cultures and by treatment with ethidium bromide indicated that the determinants for penicillinase production and chloramphenicol resistance, and probably also for neomycin resistance, were located extrachromosomally. On the other hand, the determinants of resistance to erythromycin, streptomycin, tetracycline, and methicillin could not be eliminated by acridines, ethidium bromide, rifampin, sodium dodecyl sulfate, ultraviolet (UV) irradiation, growth at 43.5 C, aging of cultures, or combinations of these treatments. The stimulation of transduction frequency by UV irradiation of phage in the case of the stable markers, but not in the case of the unstable ones, supported further the hypothesis of chromosomal location of the markers of methicillin, erythromycin, tetracycline, and streptomycin resistance and extrachromosomal location of the determinants for penicillinase production and chloramphenicol resistance. Neomycin resistance could not be transduced. Joint elimination and co-transduction of the determinants for penicillinase production and resistance to chloramphenicol and neomycin were not observed, indicating the location of these markers on separate, mutually compatible plasmids. Co-transduction of chromosomal resistance determinants was usually less than 1 %, which makes the location of these genes in a circumscribed area of the chromosome improbable.
In the past decade, it has become more and more evident that bacteria may possess, besides the chromosome, additional linkage groups of genes which are referred to as extrachromosomal genetic elements or plasmids (28) . Plasmids often carry determinants of resistance against chemotherapeutic agents. They have been found mainly among members of the family Enterobacteriaceae and the genus Staphylococcus. In Staphylococcus, the determinants for production and regulation of the enzyme penicillinase have been found to be contained in the penicillinase plasmid (27) . In some strains, the determinants of resistance against tetracycline (tet; 22), chloramphenicol (cml; 9), erythromycin (ery; 23), neomycin (neo; 21) , and probably also against streptomycin (str; 25) , fusidic acid (13) , and bacitracin (8) may be located extrachromosomally.
Since the introduction of penicillinase-resistant ,6-lactam antibiotics into therapy almost 10 years ago, methicillin-resistant (MthR) staphylococci have been increasingly isolated in different countries of the world (3, 11, 16, 31, 32) . In the Zurich area, approximately 20% of staphylococci isolated from hospitalized patients now exhibit MthR, and most of the isolated organisms show similar phage-typing patterns. Multiple antibiotic resistance in these bacteria is the rule; however, chloramphenicol resistance (CmlR) and neomycin resistance (NeoR) are not consistently observed. Epidemiological data led us to conclude that the increase of MthR in staphylococci might be due to the selection of only a few preformed, multiply resistant hospital strains. The absence of CmLR and NeoR could then be the result of spontaneous loss of these unstable genetic markers. Therefore, a study of the genetics of Cm1R and NeoR in MthR S. aureus strains was begun, and the investigation was extended to other drug-resistance markers. (30) .
Examination of genetic stability. Spontaneous loss of antibiotic resistance was examined in cultures grown overnight at 37 C in Brain Heart Infusion (BHI) broth. Cultures treated with acridine dyes (14) , ethidium bromide (7), rifampin (17) , sodium dodecyl sulfate (34) , ultraviolet (UV) irradiation (23) , growth at 43.5 C (22) , or storage at 20 C for 20 days were subjected to short, controlled exposure to ultrasound, appropriately diluted, and spread onto BHI agar plates, containing 0.01 jig of erythromycin/ml. Master plates with 100 to 200 colonies were replicated to BHI agar containing the following amounts of drugs per milliliter of medium: streptomycin, 25 ,ug; tetracycline, 12.5 ,ug; neomycin, 12.5 jug; chloramphenicol, 12.5 Mug; erythromycin, 5 or 10 jug; and 6 X 104 M cadmium acetate. Methicillin or oxacillin was used in doses which were twice the concentration of the "basic resistance" (5) of the strains under study (usually 6.25 to 12.5 ,g/ml). In some experiments, penicillinase-negative (PenS) colonies were detected directly on the master plates according to Perret's slightly modified iodide method (18) . Loss of drug resistance in colonies that failed to replicate was confirmed by streaking suspected clones on new drugcontaining agar. Joint elimination of other characters including PenR (18) , as well as resistance to inorganic salts, was examined subsequently.
Kinetics of loss of resistance markers. Stiains under study were grown for 24 hr on BHI agar containing penicillin (1 unit/ml), neomycin (12.5 jg/ml), or chloramphenicol (12.5 jg/ml). The cells were harvested and washed with saline, subjected to short ultrasound treatment, and inoculated into BHI broth at an initial absorbance of 0.02 to 0.05 at 550 nm (Spectronic-20 colorimeter). The cultures were incubated with shaking at 37 C, and at appropriate time intervals samples were withdrawn, cooled to 4 C, and subjected to controlled exposure to ultrasound. The absorbance was measured at 550 nm, and viable counts were performed on BHI agar. The percentage of antibiotic-susceptible cells in the samples was determined by plating 100 to 200 cells onto 30 to 50 BHI master plates. After growth at 37 C, the colonies were replicated on drug-containing agar and retested for loss of resistance as described above.
Transduction procedure. Transduction and propagation of phages were carried out in a nutrient broth or agar consisting of the following ingredients per liter: nutrient broth (BBL), 20 g; glucose, 1 g; NaCl, 8.5 g; and CaCl2 2H20, 0.588 g; 1.5%0 agar for plates and 0.7% agar for the soft-agar technique were added to the broth when necessary. Propagation of transducing phage was performed according to the soft-agar technique (33) . Transducing lysates were usually UVirradiated until the number of plaque-forming units was reduced to 90%. Recipient organisms were selected from 50 strains differing in phage type and antibiotic-resistance pattern. Most competent recipients belonged to phage group III. Sometimes drugsusceptible variants of the donor strains were used as receptors. Recipient organisms were grown with shaking until the end of logarithmic growth. Amounts of 1 ml of the recipient culture and 1 ml of phage were mixed and incubated with gentle shaking at 37 C. Under these conditions, 80% of the phages will usually be absorbed after 10 min of incubation. In most experiments, the phage to bacteria ratio was from 0.5 to 1, because transduction frequency (expressed as transductants per input phage particle in the unirradiated sample) was highest in this range. After 30 min of incubation, further absorption of phage in the mixture was halted by adding 0.5% sodium citrate, followed by centrifuging at 4 C and two washings with BHI broth plus 0.5% sodium citrate (BHI/citrate). The pellet was resuspended in 0.5 ml of BHI/citrate broth, mixed undiluted or in appropriate dilutions with 2.5 ml of BHI soft agar, and plated onto BHI agar containing the following amounts of drugs per milliliter: tetracycline, 12.5 Ag; chloramphenicol, 12.5 Mug; and 6 X 10-4 M cadmium acetate. In the case of selection of EryR transductants, the resuspended pellet was subjected to subinhibitory concentrations of erythromycin (0.01 Mug per ml of BHI/citrate broth) for 30 min at 37 C before selection was carried out on a plate containing 10 itg of erythromycin. In selecting StrR transductants, the pellet was resuspended in saline plus sodium citrate; 2.5 ml of soft agar in saline was added, and the mixture was In experiments in which phenotypic lag was examined, the washed bacteria of the transduction mixture were reincubated in 7 ml of BHI/citrate broth at 37 C for different periods of time. After centrifugation, selection was carried out as described above. An increase in frequency of transduction by a factor of 5 or more was considered as "phenotypic lag."
RESULTS
Elimination of resistance markers. hr of incubation and which multiply at a rather fast rate in the acriflavine broth. Probably these are acriflavine-resistant mutants of E142. At lower concentrations of acriflavine (1, 2, or 3 ,g/ ml), the parent is not killed but grows at a slower rate than susceptible clones (Fig. 2) . This small selective effect can produce the apparent phenomenon of an increased frequency of loss under the influence of acridine dyes.
Despite the probable failure of acridines in elimination, the extrachromosomal location of the three unstable markers was suspected, owing to the above-mentioned effects of ethidium bromide and storage, and because reversions to resistance in susceptible variants did not occur. Among 5 Staphylococcus (26) that UV irradiation of transducing lysates increases the transduction frequency of markers that are chromosomally located, whereas such a stimulation is not seen for plasmid markers (Fig. 3) . Furthermore, the mechanisms of chromosomal drug resistance often are such that a "phenotypic lag" after transfer of the resistance markers does occur. Extrachromosomal resistance, on the other hand, has always been found to be dominant over susceptibility. Under the conditions of transduction used in our experiments, a "phenotypic lag" would be indicated by an increase in frequency when selection is withheld for some time after the end of the transduction process (Fig. 4. ) Tables 3 and 4 summarize tion of EryR (dissociated type) and resistance to streptomycin and tetracycline, the transduction frequency was increased by UV irradiation as well as by the time allowed for phenotypic expression of resistance. In the case of the penicillinase plasmid and CmlR, a stimulation by UV light or a phenotypic lag before expression of resistance was not observed. The marker for NeoR could not be transduced with phage 80. We also failed to transduce this latter marker with UV-induced lysates of E142. Mixed cultivation of E142, E142Cms, E142CmlSPen', and 6 additional MthR donor strains with E142CmSNeoSPenS and 10 additional receptor strains differing in phage type did not result in the finding of a competent system of transfer of the neo marker.
DISCUSSION
In S. aureus, many determinants of drug and chemical resistance have been found to be located extrachromosomally. In most of the strains examined, the markers for regulation and production of penicillinase, as well as for metal ion resistance, are located on a plasmid (27) , but may also be connected with the chromosome in rare cases (2). In some strains resistance to tetracycline (22) , neomycin (21) , chloramphenicol (9) , and erythromycin (23) has been found to be plasmidlinked, and this may be true also for resistance to streptomycin (25) , bacitracin (8) , and fusidic acid (13 
